Orthogonal Frequency Division Multiplexing (OFDM) technique is obtained significant attention in radar applications for its interference resilience property. In this paper, Fractional Fourier Transformation (FRFT) and phase analysis techniques are proposed to enhance ranging accuracy of an OFDM Radar. A proof-of-concept radar is built and tested at 79 GHz and a range accuracy of 20 µm at 5 MHz measurement rate was measured. The range accuracy is 500 times higher than using fast Fourier transformation (FFT) method.
in the production of sophisticated equipment such as robotic arms, CNC lathes, milling machines, etc.
Past decades have witnessed the application of various sensors, such as accelerometers, temperature/humidity meters, lasers and ultrasound sensors in factories. [6] , [7] . Robotic arms will definitely play prominent roles in advanced automation [8] . One critical issue is to prevent these robotic arms from colliding into each other, as well as to ensure that a robotic arm can manipulate objects with ultra-high accuracy. To measure the distance between robotic arms and that between the arm and the object under manufacture, several sensors are used including laser, ultrasonic and radar [9] . Laser requires a clear view of the target, which is not viable in some applications. While ultrasonic sensors are of relatively low cost, it is hard to avoid interference when multiple sensors are installed close to each other. A radar system with high distance accuracy and interference resilience is of great interest for high-precision robotic arm manipulation and to avoid collision between robotic arms.
Various radar systems were adopted for high-precision applications with their performance summarized in the Table. I. In the literature [10] , an unambiguous phase-based FMCW radar algorithm for micron accuracy distance measurements was proposed. The unambiguous single measurement accuracy has been improved from about 400 μm to 8 μm at 80 GHz. The authors in [11] proposed a highly miniaturized and commercially available millimeter wave radar sensor working in the 121-127 GHz range, which can be utilized for micrometer range accuracy. FMCW radars at 120 GHz band have achieved micrometer level range accuracy [12] , [13] , but the measurement rate is often limited by the frequency sweep speed. Interferometer techniques with single tone or dual tone can be used to measure targets at high rate, but range ambiguity appears when the target moves out of a limited range window [14] , [15] . Due to the high frequency and short wavelength of the millimeter wave, ultra-high ranging accuracy can be achieved by determining the carrier phase, and OFDM can resist interference by means of code division. Therefore, the millimeter wave OFDM radar sensor achieves high-precision measurement under strong interference. Orthogonal Frequency Division Multiplexing radar waveform has been proposed in [16] , which can perform radar detection as well as communication simultaneously. Based on the application of diverse signature codes to each sensor, multiple radars can operate simultaneously free of interference. When applying FFT, the range accuracy and resolution of OFDM radar are inversely proportional to the bandwidth B of the transmitted signal, as δ R = c 0 /2B, where c 0 is the speed of light.
OFDM radar, with its multi-carrier parallel transmission and reception characteristics, has attracted wide attention in high-precision ranges. Random OFDM pair radar, based on compressive sensing with high resolution range reconstruction, was proposed in [17] , [18] . Meanwhile, adaptive OFDM radar waveform design methods were proposed for improved micro-doppler estimation in [19] , [20] . Then, the authors in [21] proposed an OFDM integrated radar and communication waveform design method to improve the effectiveness of limited spectral resources. In addition, a two-step doppler estimation scheme was introduced in [22] . A novel signal processing approach for OFDM radar has been presented in [23] , which can overcome the effects of doppler in OFDM. Furthermore, a high accuracy doppler processing method for the OFDM radar and communication system has been introduced in [24] .
In this paper, we proposed an OFDM radar accuracy enhancement technique, which, compared to a traditional FFT estimation result, provides an improvement in accuracy of 500-times. With a bandwidth of B = 2 GHz, the distance measurement of a metal target has an error of less than 20 µm. Such a result is experimentally verified using an OFDM radar operating at 80 GHz. This paper is organized as following: The introduction is given in section I. In section II, the OFDM radar operation principle is reviewed and the enhancement techniques are introduced. The implementation detail of the proposed OFDM radar is given in section III. Interference from other radar is studied and the result is discussed in section IV. A laboratory-based experimental setup is illustrated and the measured result is presented in section V. Conclusion and summary is presented in section VI.
II. REVIEW OF OFDM RADAR CONCEPT AND RANGE ACCURACY LIMITATION
The operational principle of an OFDM radar has been discussed in detail in [16] . An OFDM multicarrier signal can be denoted as a composite of multiple parallel orthogonal signal carrier signals, modulated with different transmission data. The transmission data can be written as:
where μ is the OFDM symbol index within the total amount of N sym OFDM symbols, n is the subcarrier index within the total amount of N c subcarriers, a is the complex modulation symbol, f n is the subcarrier frequency and T O F D M is the OFDM symbol duration.
In this paragraph, we introduce an intuitive explanation that is illustrated in Fig. 1 , complimenting the equations expressed in [16] . Assuming a transmission waveform comprises N sym symbols, each with a symbol duration of T sym , then each of the symbols is a sum of N c subcarriers with subcarrier spacing of f = 1/T sym . The initial phase of each subcarrier at each symbol is defined in the red matrix as shown in Fig. 1(a) . Here we define a matrix:
Each element in matrix T is a complex number to represent the phase of transmission; the first index denotes the subcarrier number and the second index denotes the symbol number. The red waveform in Fig. 1(a) contains N c × N sym symbols. For each transmitter the matrix T is fixed as a signature code. In this work, BPSK modulation is used, therefore t (m, n) ∈ [0, π]. If the receiver is fully synchronized with the transmitter, the echo reflected from a target would generate a green waveform which is delayed τ as shown in Fig. 1(a) . The method of estimating this delay with high accuracy will be the focus of this paper. With an observation window that is designed to be wide enough, the reception echo can be captured completely. Since the receiver is fully synchronized with the transmitter, the received signal matrix can be constructed similar to Eq. 2, the received signal matrix R can be written as:
Note that the received signal contains the delay information that is of interest. By dividing matrix R with matrix T , the signal transmission channel can be modelled in both time and frequency domains using a matrix D = R/T . Such a matrix was described as Eq. 16 in [16] which is rewritten here as:
The matrix T and R are illustrated in Fig. 1(b) for more intuitive understanding. On the top of Fig. 1(b) , four BPSK constellation diagrams are shown with different colours, which correspond to subcarrier 1, subcarrier 2, subcarrier 3 and subcarrier N c , respectively. For instance, the constellation diagram of subcarrier 1 corresponds to the first row of the matrix T . The constellation diagrams below are the received constellation for different subcarriers. Similarly, each constellation diagram corresponds to a certain row in matrix R.
It can be noticed that when a single target is presented, the constellation at higher subcarriers is more rotated than those at lower subcarriers. The matrix D is the channel information as discussed before, each row in D represents the constellation rotation measurement at each subcarrier. Such measurements are made at the reception of every symbol, thus N sym data in each row. Averaging can be made over each row thus matrix D converts into vector:
where d m is a complex number of the mean rotation of the constellation diagram at m-th subcarrier. Vector D is plotted at the bottom of Fig. 1(b) with angles along the Y-axis and the frequencies of each subcarrier along the X-axis. As mentioned before with an ideal single target, the rotation angle increases in a linear manner as the subcarrier frequency increases, so the rotation angle at k-th subcarrier can be written as:
A range estimation method is proposed in [16] using IDFT operations:
It can be seen that two exponential terms would cancel each other and result in unity when:
This means a peak would occur at an index of k in the time response of r (k) which indicates a target is detected at that position. The accuracy of using such a method is limited by the fact that IDFT is used. It can be seen that target range searching is made in a discrete step of δ R = C 0 2N c f . This is illustrated in Fig. 1(b) as several dotted reference lines with different slopes are used to compare the observed rotation angles. Intuitively, using more reference lines with finer steps would give a more accurate estimation. A Fractional Fourier Transform based method is introduced in the following section to improve the estimation accuracy.
III. FRFT AND PHASE ANALYSIS TECHNIQUES
As mentioned above the accuracy of the range resolution is a result of using a conventional Fourier transform as shown in Eq. 7. In this paper we have proposed a two-step signal processing method that can improve range accuracy to micrometer level. The first-step is using FRFT instead of Fourier transform. The second-step uses the phase information of a carrier to further enhance estimation accuracy. Both steps are introduced and discussed in this section.
A. Range Accuracy Enhancement With FRFT
As mentioned in previous section, modifying the Eq. 7 by simply adding more searching steps will increase the estimation accuracy. By introducing a fractional factor ma, the estimation function using FRFT can be written as:
The fractional factor defines ma times points are searched, which results in a correlation curve as shown in Fig. 2 . The figure shows the simulation result using the FRFT method where the simulation scenario is: 128 subcarriers with spacing of 15.625 MHz, ma = 20, carrier frequency 80 GHz, target distance set at 240 mm and 243.75 mm.
When using Eq. 7, the target at these two positions results in identical peaks, indicating that the estimation distance is 75 mm. Clearly, such a small distance change cannot be tracked by the conventional method. By using the FRFT method, the estimation curves are shown in Fig. 2(a) . The red curve corresponds to the target at a position of 240 mm and the blue curve corresponds to the target at 243.75 mm. The zoomed in figure is shown in Fig. 2(b) . It can be seen that due to the fine accuracy of the estimation curve the target movement can be tracked with high confidence. A simulation is also performed in a low SNR scenario (SNR = −10 dB). As expected, the correlation peak is not as pronounced as it would be in the ideal case. To resolve this practical issue, the curves in Fig. 2 (c) are correlated with an ideal "sinc" function as expressed in the equation below, then the correlation peaks appear again after this process.
where
Then the equation can be further simplified into
The achievable range accuracy depends on several system parameters such as SNR, quadrature balance, in-band flatness, etc. In our system, the correlation method is only used for coarse estimation. As long as the estimation accuracy is better than the wavelength of the carrier, the phase estimation can be used for further improvement of the accuracy down to micrometer level. The phase assisted estimation method is discussed in the following section.
B. Range Accuracy Enhancement With Phase Analysis
Taking advantage of the short wavelength of the millimeter wave carrier, phase rotation occurs even with micrometers target displacement. By examining the phase of the modulated carrier, the distance of the target can be tracked with micrometer level accuracy. Such a method is widely used by interferometer radars [14] , [15] , however, ambiguity appears when the target moves more than one carrier wavelength.
In this paper, as we demonstrated in the previous section, the proposed FRFT method can locate the target with an accuracy of less than half a wavelength. Adding phase analysis allows us further to improve the accuracy to micrometer level. The distance of the target can be written as follows:
For any subcarrier in the OFDM symbol, the target equals m-times carrier wavelength with a remaining distance R . The range estimation R O F D M obtained by the FRFT method above is used for calculating the integer number m. The estimation error will be eliminated by a quantizing procedure. The remaining distance is calculated by:
where φ is the received constellation rotation at the subcarrier of wavelength λ c . At 80 GHz (λ c = 3.75mm), for example, a 0.1 • rotation is equal to 1 µm target movement. The range estimation accuracy is then translated into angle resolution of the constellation rotation. By using the proposed two-step method, the distance of the target can be estimated using Eq. 14 with a wide unambiguous window. Experimental validation of this method is presented in the following section.
IV. MULTI-RADAR INTERFERENCE CANCELLATION
The proposed OFDM radar utilizes a signature code when sensing the target. With multiple signature codes, radars can be installed closely without interfering with each other. In this section the principle and performance benchmarks are presented with an analysis of a scenario with multiple radars coexisting.
As mentioned above, the radar transmits a specific symbol sequence as T , shown in Eq. 2. By assigning orthogonal symbol sequences to different radars, the interference between radars can be minimized. In our work, the selected transmitting symbol sequence is a m-sequence generated by polynomial p(x) = x 7 + x 6 + 1 using linear feedback shift register techniques. By assigning different m-sequence codes to different radars, radars can work simultaneously. To understand the performance of radars under interference, simulations are conducted using the situation in which a radar is operated under the influence of another radar. The simulation result is presented in Fig. 3 .
In this simulation, 128-bit m-sequences are assigned to two radars which operate at the same frequency. The target range error is plotted versus received SNR. First, when only one radar is operated, the estimation error is plotted as "no interference". Then another in-band operated radar is added with the signal-to-interference-plus-noise ratio (SINR) varying from −10 dB to 10 dB. The simulation results are as follows: Fig. 3 . Simulated range accuracy of OFDM radar under the influence of another radar operating in the same frequency band.
• An estimation error of less than half of the carrier wavelength (79 GHz, 1.85 mm) can be achieved even at −22 dB SNR with the SINR of 5 dB. • Due to the fact that estimation is made by averaging 128 sub-carriers, the proposed radar is relatively immune to in-band interference. When the SINR = 10 dB, the Radar can also work well. • The simulation shows that at SINR = 5 dB, estimation with half of the wavelength can still be achieved at SNR = −22 dB. This means that the range accuracy can be further improved by phase analysis at SNR = −22 dB when the SINR = 5 dB.
V. EXPERIMENTAL RESULT
The proposed OFDM radar is experimentally verified using commercially available transceiver modules at 79 GHz in a laboratory environment. In this section, the experimental setup is introduced and measurement results are presented and discussed.
A. Experimental Setup
The photo of the experimental laboratory setup is shown in Fig. 4 . Integrated E-band transmitter and receiver modules are used to generate and receive signals at 79 GHz.
Two planar E-band antennas are used, with separate antennas, more than 50 dB isolation between transceivers is achieved. A metal bar is used as a target which is located 24 cm away from the radar. An arbitrary waveform generator (AWG) is used to generate an OFDM signal and a real-time oscilloscope is used to capture the received signal, the received data is processed off-line using Matlab.
In Fig. 5 , the detailed diagram of the setup is depicted. In the AWG, the user code is used to generate a transmission matrix T as in Eq. 2. 128 subcarriers are used with channel spacing of 15.625 MHz, therefore a total bandwidth of 2 GHz is occupied. The time domain waveform is generated using 1024 points IFFT, and the cyclic prefix (CP) is added. The waveform is then converted from parallel into serial (P/S) and output from AWG at 16 Gsps. An E-band transmitter (Gotmic gtsc0023) is used with 13 dBm average output power. A 30 dBi antenna is used on the transmitter side. A 25 dBi receiver antenna is used together with an E-band receiver (Gotmic gRsc0013). Transmitter and receiver share the same local oscillator (LO), therefore the phase between transmitter and receiver is fully synchronized. The received quadrature baseband signals are sampled by an oscilloscope.
The detailed transmitted pre-processing steps for OFDM radar are shown in Fig. 6(a) . The user code was generated at the start to distinguish each user. Then we did upsampling by zero adding. Next, IFFT was used to generate the OFDM signal. In addition, the cyclic prefix was added to resist multipath problems. Finally, we converted the parallel data to serial data. Moreover, the detailed received processing steps for OFDM radar are illustrated in Fig. 6(b) . At the first stage, the OFDM signal should be processed. We convert serial data to parallel data, and then the cyclic prefix of the OFDM signal is removed. Then the FFT can be used to demodulate the OFDM signal. Finally, the phase information can be uniquely left by dividing by the user codes. At the second stage, the peak location of the FRFT can be used to perform a rough estimate as mentioned in section III. At the last stage, since the estimation accuracy of the second stage is already within one wavelength, the phase analysis can be adopted to further improve the range accuracy.
B. Experimental Result
The normalized received signal spectrum is shown in Fig. 7 . The signal occupies 2 GHz bandwidth with a received SNR higher than 20 dB. The received power is −17 dBm when the target is 240 mm away. Considering the path loss, the radar cross-section (RCS) is −38.4 dB/mm2. The target is then moved from 240 mm to 248 mm with 1 mm steps using a manual micrometer positioner. The measured phase of different subcarriers is plotted in Fig. 8 when target locates at 240 mm, 243 mm and 246 mm respectively. As described in section II, the phase slope is changed proportionally to the target distance as expected. Using the FRFT method, the target distance can be estimated as it shown in Fig. 9 . As long as the error of this estimation is less than the wavelength (3.7 mm), the distance can be further improved with phase analysis.
Adding phase analysis mentioned in section III. B, the final estimation result is presented in Fig. 10 . It can be seen the error of the estimation is less than ±20µm.
VI. CONCLUSION
An enhanced accuracy OFDM Radar is presented in this paper in which the FRFT and phase analysis techniques are adopted. FRFT is used to make the ranging accuracy of the target within one wavelength of the millimeter wave, followed by the utilization of the carrier phase analysis method to further improve the ranging accuracy, which can make the ranging accuracy of the target reach 20 µm.
Compared with the other published works summarized in Table. I, the proposed OFDM radar can achieve high accuracy at a high refresh rate over a long unambiguous range which mainly benefits from the parallel characteristics of OFDM and the short wavelength of a millimeter wave. In future work, we will adopt a higher frequency such as Terahertz band to further improve range accuracy. In addition, multiple millimeter wave OFDM radar sensors can be used for multidimensional ranging for high-precision positioning and imaging.
